,decreasing natality and increasing mortality as population size increases (Christian 1950 (Christian , 1961 (Christian , 1963a (Christian , c, 1964a . It has also been established that these responses are engendered by social strife (Barnett et al. 1949 , Davis 1953 , Davis & Christian 1957 , Christian 1956a , 1957 , Mykytowycz 1960 , Lockley 1961 . Together social strife (or competition) and the endocrine responses to it constitute a regulatory feed-back system. Given a certain level of aggressiveness in the members of a population, social competition increases as a population increases. However, the amount of competition in a population of given size may vary widely, depending on the behavioural characteristics of the species, strain, or individuals. The physiological responses to increased numbers are often said to result from 'over-population' or 'crowding', but these undefinable terms are misleading, since some degree of response occurs at all levels of population and only becomes conspicuous at higher levels. We have used 'social pressure' to designate the total amount of social strife resulting from the combination of numbers and aggressiveness (Christian 1957) . This phrase is conceptually useful, as it does away with the connotation of physical conflict, although it is unquantifiable at present. Thus, strictly speaking 'density' is incorrect. Perhaps 'social density' would be preferable. Presumably this feed-back system has evolved to prevent overutilization of the environment and the threat of extinction it implies (Wynne-Edwards 1959, ' Supported by Grant GM-10530 from USPHS Christian 1961 , Snyder 1961 ). However, a high price is exacted from an increasing proportion of the population for this regulation of population growth as population increases. It is this aspect of the problem that will be emphasized after first reviewing briefly the basic evidence.
Grouped male mice organize themselves into a social hierarchy often with, but sometimes without, fighting (Urich 1938 , Christian 1959b , Davis & Christian 1957) . The hierarchy is soon stabilized and fighting largely ceases (Christian 1956a (Christian , 1959b . Adrenocortical function is least in dominant and greatest in most subordinate mice, and increases more or less linearly with descending rank between these two extremes (Davis & Christian 1957 , Vandenbergh 1960 , Welch & Klopfer 1961 , Bronson & Eleftheriou 1963 , 1964 . Somatic growth is inhibited in all but the dominant mice, increasingly with descending rank (Davis & Christian 1957 , Christian 1961 . It takes only two one-minute contacts per day with dominant mice to produce these effects (Bronson & Eleftheriou 1964) . Reproductive function is depressed in all but the dominant mice (Christian 1961) . Splenic weight, resulting from increased haemopoiesis, increases in subordinate mice (Rapp & Christian 1963) . Injury from fighting cannot be ruled out as a factor in this effect, but it is unlikely to be an important one. Antibody production is partially inhibited in all but dominant mice (Vessey 1964) . Dominant females do most of the successful breeding in a group (Retzlaff 1938) . Some of these effects might have resulted from the dominant animal preventing others from acquiring sufficient food, but this possibility has been ruled out in several experiments (Davis & Christian 1957 , Christian 1959a ). However, decreased utilization of ingested food due to increased corticoid secretion cannot be ruled out. Inanition per se failed to increase adrenocortical activity in mice and a deficient or localized food supply had no effect on competition (Christian1959a (Calhoun 1950 , Davis 1953 , Barnett 1955 , Myers & Poole 1959 , Mykytowycz 1960 , Lockley 1961 , and dominant dogs secrete appreciably less hydrocortisone than subordinate dogs in a group (Eik-Nes 1959) . Thus in several species, dominant animals show little or no endocrine response to grouping, whereas subordinate animals show increased adrenocortical function, decreased reproductive function and somatic growth, as well as secondary effects, in relation to their rank. All of these changes have been measured simultaneously only in mice. Reserpine in low doses suppresses the reactions to grouping, confirming the importance of aggressive behaviour in their genesis (Christian 1956a (Christian , 1963a .
With this background it is readily seen why increases in population are accompanied by increases in mean adrenocortical activity, decreases in reproductive function, &c., especially as population increases largely by the addition of subordinate animals. There is adrenal hyperplasia, decreased adrenal cholesterol and ascorbic acid, and increased corticoid secretion as numbers of mice per group increase (Christian 1955 , 1963c , Welch & Klopfer 1961 , Thiessen & Rodgers 1961 , Bronson & Eleftheriou 1963 , 1964 . Increases in corticoid production were proportional to increases in adrenal weight (Bronson & Eleftheriou 1964) . Total corticoid secretion and the F/B ratio in immature male mice increase with grouping (Varon et al. 1964) . Adrenal hyperplasia and thymic involution following grouping were greater in aggressive brown house mice than in more docile albino strains (Christian 1955) . Thymic involution in brown mice was much greater than that produced by daily injections of 400 ,ig of B. One unit of ACTH per day for ten days also produces greater involution in these mice than 400 ,ug of B (Christian 1963b (Christian , 1964b . These results suggest a more potent thymolytic adrenocortical steroid in the brown than in albino mice, although this must be established. However, it is clear that increased numbers of mice result in increased adrenocortical activity. The same is true for albino rats (Eechaute et al. 1962 , Barrett & Stockham 1963 except that a fivefold to tenfold increase in corticoid secretion is unaccompanied by an increase in adrenal weight. This apparently is not true for Peromyscus maniculatus bairdii, a non-aggressive species (Bronson & Eleftheriou 1963) . Likewise behaviourally 'compatible' Peromyscus leucopus show no increase in adrenal weight when placed together, whereas 'incompatible' ones show an increase (Southwick 1963) . Theseresults emphasize the importance of behaviour in eliciting endocrine responses to increased population size. Adrenal medullary hyperplasia occurs with increased density (Bullough 1952) . Secretion of adrenaline and noradrenaline is greater at high densities and in subordinate animals (Welch 1962a ). Somatic growth is progressively inhibited with increasing numbers (Vetulani 1931 , Christian 1955 , as are sexual maturation as well as sexual function in mature mice (Christian 1956b (Christian , 1959c (Christian , 1961 (Christian , 1964a . Size of the sex accessories and testes is decreased and spermatogenesis is partially inhibited and abnormal. In general, reproductive function appears to be more sensitive to changes in population than other endocrine function. Responses to injected gonadotrophins are altered by differences in density in rats (Chance 1956 ). Endocrine responses to increased numbers are not a function of density per se within broad spatial limits, as these responses to changes in numbers in a given strain of mouse are similar whether space per mouse is increased, decreased, or constant (Christian 1959c , Thiessen & Rodgers 1961 Similar changes occur on grouping females (Retzlaff 1938 , Andervont 1944 , Whitten 1959 , Lamond 1959 , Christian 1960 . There is hyperplasia of the adrenal zonae fasciculata-reticularis, accelerated involution of the X-zone (Jones 1957) (suggesting increased adrenal androgen secretion), ancestrus or delayed onset of cestrus, and inhibition of uterine development. Pseudopregnancy follows grouping in some strains of mice (Lee & Boot 1955 .
In groups of mixed sex, the numbers of ovulations and implantations are decreased, intrauterine mortality is increased greatly, apparently occurring near mid-term, and lactation is diminished (Christian & LeMunyan 1958) . Maternal behavioural changes also occur (Brown 1953 , Lloyd et al. 1964 , possibly as a result of altered endocrine function. Progeny of grouped females contract permanent behavioural defects in utero (Keeley 1962) . Marked stunting of progeny, persisting into a second and possibly a third generation, results from inadequate lactation induced by grouping (Chitty 1955 , Christian & LeMunyan 1958 . The behavioural disorders originating in utero may reflect increased maternal secretion of corticosterone, as high physiological levels of it profoundly affect brain development in newborn mice (Howard 1963 (Christian 1956b , 1963a , Crowcroft & Rowe 1957 , Kalela 1957 , Wijngaarden 1960 . It seemed possible that increased secretion of adrenal androgens resulting from increased ACTH secretion might inhibit gonadotrophin secretion and explain the inhibition of maturation seen with increased densities. Grouping female mice produces evidence of increased adrenal androgen secretion other than accelerated involution of the adrenal X-zone, such as increased prevalence of an os clitoris and greatly increased preputial weight (Christian 1960 (Christian , 1961 . Another important point was that gonadotrophin secretion can be suppressed by much lower levels of steroids in immature than in mature rats (Byrnes & Meyer 1951 , Ramirez & McCann 1963 ). Indeed, it proved possible to suppress pituitary gonadotrophin secretion and prevent normal maturation in female mice with low non-virilizing doses of adrenal androgens , Duckett et al. 1963 ). However, ACTH also was found to inhibit normal ovarian development and thus maturation, in adrenalectomized and in intact mice (Christian 1963b) . At least one other mechanism inhibiting reproduction, possibly purely nervous, is suggested by inhibition of reproduction with increased density in peromyscus without increased adrenocortical function (Terman 1963, Christian, unpublished) .
The best example of the necessity for both numbers and behavioural aggressiveness to produce increases in adrenocortical activity was seen in a population of woodchucks (Marmota monax) (Christian 1962) . During the breeding season the animals were aggressive and adrenal weight increased steadily as numbers in daily contact increased. Afterwards they became non-aggressive and tolerant of each other and adrenal weight declined sharply despite a continued increase in numbers. The increase in adrenal weight was not due to pregnancy, lactation, or other reproductive function per se. Furthermore adrenal weights were lowered by altering the age composition of the population and thereby reducing social strife and aggressiveness (Lloyd et al. 1964) . Similarly decreased adrenal weight and increased reproduction of Norway rats and Sika deer occurred after the population was reduced (Davis 1953 , Christian & Davis 1955 , Davis & Christian 1958 , Christian et al. 1960 .
The same physiological responses to increased numbers occur in freely-growing confined populations of house mice, voles and rabbits and in natural populations of voles, rabbits, deer and others (Clarke 1955 , Christian 1956b , Louch 1956 , 1958 , Kalela 1957 , Mykytowycz 1960 , Wijngaarden 1960 , Curry-Lindahl 1962 Patric 1962, Pearson et al. 1962 , Welch 1962b ). The responses of house mice were greater in these than in assembled populations of fixed size. Mean adrenal weight increased as much as 30-40% (Christian 1959c) in freely growing populations of mice or voles, and 45-60% in deer (Christian et al. 1960 ). Wild Norway rats of both sexes showed striking increases or decreases in adrenal weight with corresponding changes in population size (Christian 1959c) .
In general birth rates are progressively lowered because of increased intrauterine mortality, decreased fertility and inhibited maturation as numbers increase in freely growing or natural populations; in addition there is usually a progressive increase in nursling mortality which may be attributed to intrauterine derangements, faulty lactation, maternal behaviour, or all of these from about the midpoint of the population growth (Clarke 1955 , Crowcroft & Rowe 1957 , Christian 1961 , 1963a . Population growth may be limited mainly by declining birth rate, in which case the males are severely affected by increasing numbers, while females show little effect; or it may be limited mainly by nursling mortality, in which case the females are affected markedly (Christian 1963a ). Thus, in utero losses and diminished fertility may be largely due to effects on males, but this is purely conjectural. Combinations of these factors are the rule in most populations and inhibition of maturation is always a factor.
With increased adrenocortical function accompanying increases in population one would predict decreased resistance to disease due to suppression of defence mechanisms by glucocorticoids. With increased density there is inhibition of inflammation, granulation (Christian & Williamson 1958) , and antibody production (Davis & Prudovsky in Christian 1963a , Vessey 1964 , decreased resistance to parasitism (Davis & Read 1958) , increased susceptibility to infection (Retzlaff 1938 , Mykytowycz 1961 , and increased mortality following infection (Mykytowycz 1961) , especially in subordinate animals. The appearance of spontaneous mammary carcinoma and onset of cestrus were delayed and mortality due to carcinoma decreased by grouping female C3H mice (Andervont 1944) . Grouping also augments alloxan diabetes ) and adrenal regeneration hypertension (Bernardis & Skelton 1963) . It also enhances the action of amphetamine by increasing social stimulation of the animals (Chance 1946 , 1947 , Swinyard et al. 1961 , Fink & Larson 1962 . Grouping also affects the actions of other drugs and increases radiation mortality (Ader & Hahn 1963 , Hahn & Howland 1963 pulposus of voles were increased by social strife (Clarke 1953 , Dawson 1956 , Chitty et al. 1956 ).
We have seen that increased population results in splenic hypertrophy and increased intrauterine and nursling mortality in mice. Similar results were obtained from a study of a population of sika (Cervus nippon) that reached a density of one per acre and then experienced a die-off of two-thirds of the population (Christian et al. 1960) . The deer were stunted without evidence of malnutrition. A proliferative, non- exudative glomerulonephritis first appeared in mild form three years before the die-off and reached maximum severity the year of the die-off. Viral hepatitis appeared the year of the die-off when one would expect decreased resistance. These diseases did not account for the observed mortality, but potassium deficiency from prolonged hypercorticalism may have been the major cause of death (Christian 1964c) . Two years later normal growth was restored, adrenal weight decreased, renal disease ameliorated and hepatitis absent from deer born after the die-off. Glomerulonephritis was associated with high density, but otherwise its aetiology is unknown.
The above-mentioned woodchuck population had a high prevalence and incidence of proliferative, non-exudative intercapillary glomerulo-nephritis -often severe and in many animals with destruction to all glomeruli (Figs 1, 2) (Christian 1963a) . Hypertension, ascites, hydrothorax, hydropericardium and diabetes were associated findings in varying frequency. Reducing social strife reduced the rate of development and mean severity of renal disease, and diabetes disappeared, despite immigration from surrounding dense populations which tended to obscure the changes (Christian 1963a and unpublished) . Despite a number of studies, the etiology of the glomerulonephritis remains unknown, although it was related to 'social pressure' and associated endocrine changes.
The glomerulonephritis produced in mice by chronic treatment with ACTH gel may provide a clue to the pathogenesis of glomerulonephritis associated with high social pressure (Christian 1963d) . Adrenals were necessary to produce this disease. The glomerular lesions (Fig 3) resemble those seen in woodchucks (Figs 1, 2 ), but they were associated with necrosis of the papillary tips (Fig 4) , which is unknown in woodchucks. The glomerular lesions are unlike those produced by deoxycorticosterone, growth hormone, or stress in sensitized rats. Some glomeruli, in addition to mesangial hyperplasia, intercapillary scarring, and capillary obliteration, had microaneurysmal dilatation of peripheral capillaries. Distal and collecting tubules were dilated (Fig 3) . Further details have not yet been studied.
Whatever the relationship between naturally occurring renal disease in woodchucks and various experimental nephropathies, there seems to be a relationship between social density and renal disease in woodchucks and probably sika. Increased 'social pressure' may be a factor in the genesis of some forms of glomerulonephritis and possibly of other diseases. The role of increased social density in reducing resistance to infectious disease and parasitism and therefore in increasing mortality is clear, and its role in increasing intrauterine and postnatal mortality has been discussed. It still is possible that crowding females during pregnancy and lactation may result in reduced viability of their young later on, as originally suggested by Chitty (1952) .
In summary, populations of many mammals are evidently self-regulated and self-limited as a result of the operation of behavioural-endocrine feed-back mechanisms activated by changes in social density. These mechanisms regulate populations by altering mortality and/or natality. Social competition is an essential ingredient of such a system, although in some cases it may be too conventionalized or slight to be obvious.
Movement, of course, also will result from competition. The In 1946 (Chance 1946) 1 published the results of a study of this problem which showed that, with an increasing number of mice in the box, social stimulation of amphetamine-treated mice so increased the excitation that they died of convulsions at a dose level much lower than if they were kept in isolation. This work (Chance 1947) , as well as that of Chen et al. (1943) , which showed that temperature altered the potency and toxicity of a number of other drugs, set the stage for a series of investigations which revealed that the potency of many drugs was altered by environmental factors. At the time it was not realized either by Chen or by myself that not only had we each demonstrated the effect of temperature on the potency of the substances being investigated, but we each of us published evidence, without commenting on it at the time, that showed that the variance was likewise affected. Subsequently we have confirmed this discovery on two other drugs, namely serum gonadotrophin (Chance 1956) on the ovary weight of the immature female rat, and for the anaesthetic time of barbiturate in male mice (Mackintosh 1962 
